ABSTRACT: Endothelial function, measured noninvasively by brachial artery flow-mediated dilatation (FMD), has been shown to be impaired in patients with systemic lupus erythematosus (SLE). We hypothesized that depressed FMD in SLE patients is associated with increased levels of plasminogen activator inhibitor-1 (PAI-1), an inhibitor of fibrinolysis and regulator of vasoactivity. In this cross-sectional study of female SLE patients under the age of 55, putative markers of cardiovascular disease (CVD) such as PAI-1 were measured in addition to lupus-related disease activity (SLEDAI). The primary outcome, FMD, was measured using high-resolution ultrasound of the brachial artery gated to the R wave to determine endothelial-dependent vasomotion. Endothelial-independent vasomotion was measured in response to nitroglycerin (NMD). Seventy-six female SLE patients, mean age 38.3 ± 9.4 years, were included. All patients demonstrated normal NMD responses, indicating that depression of FMD was related to decreased endothelial nitric oxide production. Increased PAI-1 was related to depressed FMD by univariate regression (P = 0.004). In a multivariable regression model adjusting for t-PA (tissue plasminogen activator)/PAI-1 ratio, SLEDAI, age at visit, family history of cardiovascular disease, SLE disease duration and body mass index, every 1 ng/mL increase in PAI-1 was associated with a reduction of 0.07 units FMD (P = 0.039). PAI-1 was associated with impaired endothelial dysfunction, after controlling for several potential confounders. Given the high incidence of cardiovascular disease in SLE, further investigation of the role of subclinical markers of CVD is needed.
BACKGROUND
Morbidity and mortality due to cardiovascular disease (CVD) was recognized in systemic lupus erythematosus (SLE) patients as early as 1939, when Soma Weiss wrote "In this disease myocardial failure of varying degrees is rather common … the skin manifestations may be slight, preterminal, or even completely absent and the heart failure dominates the picture … . Histologic examination may reveal either no changes or interstitial edema, scarring, and at times thrombosis of the coronary arterioles." 1 More recently, a bimodal mortality pattern has been recognized in the SLE population, whereby a substantial number of late SLE deaths are related to CVD, in contrast to early deaths which are ascribed to active lupus and concomitant infections. 2 Estimates of the increased risk for development of CVD in lupus patients range from an overall 8-to 9-fold increase, to a 50-fold increase in young women. 3 Vascular insults characteristic of SLE are likely to underlie part of the excess risk of CVD in this population.
The plasminogen activation (PA) system constitutes a critical response mechanism to vascular injury. The central reaction of this system is the conversion of plasminogen to plasmin by tissue-type (t-PA) and urinary-type (u-PA) plasminogen activators. Plasminogen activator inhibitor 1 (PAI-1), a member of the serpin superfamily of protease inhibitors, plays a key role in regulating the PA system by serving as the primary inhibitor of t-PA and u-PA. PAI-1 also directly inhibits plasmin and appears to play a major role in determining the proliferative response to vascular injury by inhibiting the degradation of fibrin and several extracellular matrix proteins by plasmin. PAI-1 may also modulate vascular disease progression by plasminindependent mechanisms. 4 As reviewed by Lyon and Hsueh, clinical studies have reported that circulating PAI-1 levels are correlated with cardiovascular events, including those occurring among specific populations such as diabetes patients. 5 An epidemiologic study based in Sweden demonstrated that increased PAI-1 concentrations increased risk of future incident myocardial infarctions. 6 These relationships need to be confirmed in the lupus population. However, defects in the fibrinolytic system, such as decreased tissue-type plasminogen activator (t-PA) activity and elevated levels of PAI-1 in patients with SLE have been associated with an increased tendency to thrombosis. 7, 8 In addition, autoantibodies to recombinant PAI-1 have been described in SLE and correlate with clinical parameters measured by the BILAG disease activity index including global clinical score. Further, autoantibodies to fibrin-bound t-PA have been proposed to play a role in the pathogenesis of vascular disease in some SLE patients. [9] [10] [11] This study was undertaken to characterize endothelial function in SLE patients, and to examine whether PAI-1 is associated with impaired flow-mediated dilatation, a measure of endothelial dysfunction, in young to middle-aged women with SLE.
PATIENTS AND METHODS

Study Population
A cross-sectional study of women with SLE was performed to examine markers of cardiovascular disease. Patients were recruited from the Michigan Lupus Cohort and University of Michigan outpatient rheumatology clinics. SLE patients fulfilling at least four American College of Rheumatology criteria for SLE, 12, 13 and aged less than 55 years, were invited to participate in the cardiovascular assessment. Patients were excluded if they were current smokers (within the previous 6 months), had a personal history of cardiovascular disease, thrombosis, or diabetes, were pregnant, or had a current infection. Acute infections may perturb endothelial function, and have been shown to be associated with a transient increase in risk of vascular events. 14 Patients taking more than one antihypertensive medication in addition to a diuretic were also excluded as a safety precaution, since study participants were asked to postpone all medications on the morning of the study until after the cardiovascular assessments were performed. This research was approved by the University of Michigan Institutional Review Board, and all study participants signed written, informed consent forms.
Study Procedures
Study visits were performed at the University of Michigan General Clinical Research Center, in a temperature-and light-controlled room. To control for circadian variations, all visits were performed during morning hours. Patients were asked to fast, refrain from physical activity, and postpone any medications the morning of the visit until all functional assessments had been performed. Patients underwent vascular function measurements prior to venipuncture for the procurement of blood samples.
Data collection: Patients had a medical history and physical examination conducted by a rheumatologist, which included assessment of SLE activity as measured by the Systemic Lupus Erythematosus Disease Activity Index (SLEDAI). 15 The Systemic Lupus International Collaborating Clinics/American College of Rheumatology (SLICC/ACR) Damage Index was used to evaluate accumulated damage (of at least 6 months' duration) owing to previous lupus activity, treatment, or intercurrent illness. 16 Height and weight were measured with stadiometers and calibrated scales. Body mass index (BMI) was calculated as weight (kg)/height squared (m 2 ). BMI was categorized in accordance with guidelines from the obesity task force of the National Heart, Lung and Blood Institute (NHLBI), as follows: underweight <18.5 kg/m 2 , normal 18.5-24.9 kg/m 2 , overweight 25-29.9 kg/m 2 , obese I 30-34.9 kg/m 2 , obese II 35-39.9 kg/m 2 , obese III ≥40 kg/m 2 . 17 Family history of cardiovascular disease was considered to be positive if a first-degree relative had experienced a cardiovascular event at age less than 55 or 65 years for male and female relatives, respectively.
Measurement of vascular function: Flow-mediated dilation (FMD) and nitroglycerin-mediated dilation (NMD) were measured noninvasively by ultrasound, with the study participant resting in the supine position. A 10-mHz linear array transducer and an HP Image Point ultrasound system (Hewlett Packard, Andover, MA) were used for image acquisition. Baseline measurements of the brachial artery diameter were taken. Subsequently, a blood pressure cuff was inflated to 50 mmHg above the participant's systolic blood pressure over the proximal portion of the right forearm for 4 minutes. FMD was determined 1 minute after release of the cuff. Brachial artery diameter was allowed to then return to baseline over a period of 15 minutes. To evaluate endothelium-independent nitric oxide responsiveness, 0.4 mg nitroglyc-erin was administered sublingually; brachial artery images were obtained 3 minutes later. Serial longitudinal images of the brachial artery were obtained with image acquisition gated to the R wave from the electrocardiogram (24 sequential frames). Measurements were performed by an individual who was unaware of the clinical status of the participants. Individual frames were assessed utilizing a standard program (Brachial Analyzer with DICOM, Medical Imaging Applications LLC, Iowa City, IA). Only frames in which the image clarity was sufficient to ensure an accurate measurement were included. The end point of measurement was the percentage of change in mean brachial diameter in response to reactive hyperemia (FMD) or to nitroglycerin (NMD). The reproducibility of this technique in our unit has been reported previously. 18, 19 Assays: PAI-1 plasma levels were measured by an ELISA sandwich procedure using a solid-phase monoclonal antibody and an enzyme-labeled goat second antiserum for detection (IMUBIND plasma PAI-1 ELISA, American Diagnostica, Greenwich, CT). Tissue-plasminogen activator (t-PA) was measured in plasma using a double antibody ELISA (IMUBIND t-PA ELISA, American Diagnostica, Greenwich, CT). The assay utilizes human single chain t-PA as a standard calibrated against an international standard (NIBSAC, Hertfordshire, England). Assays for fibrinolytic markers were performed at the Medical Research Laboratories (Highland Heights, KY). In previous quality-control assessments performed by members of our research team, the monthly interassay coefficients of variation were found to be 4-9% for PAI-1 and 3.8-8.7% for t-PA. Medical Research Laboratories has been certified by the National Heart Lung and Blood Institute, Centers for Disease Control Part III program. 20 Statistical analysis: Baseline summary statistics were computed as mean ± standard deviation for continuous variables, or frequency and proportion for categorical variables. Variables were assessed for normality and log-transformed if appropriate. Pearson correlation coefficients were calculated to examine the strength and direction of associations between continuous variables. To estimate the effect of PAI-1 on vascular function, univariate linear regression was performed. Multivariable regression was performed to account for potential confounders. P values less than 0.05 were considered statistically significant. Data management and analysis were performed using Stata version 8 (StataCorp, College Station, TX).
RESULTS
Seventy-six female SLE patients participated in this research. In accordance with eligibility criteria, none of the study participants had previously experienced a cardiovascular event. Baseline characteristics of the population are presented in TABLE 1. Overall, lupus disease activity was relatively low among patients at the time of the study visit (mean SLEDAI score 3.6 ± 3.8). Although average disease duration was long (12 ± 7.2 years), accumulated damage was notably low (ACR/SLICC damage score 1.1 ± 1.8). The majority of patients (71%) had no family history of premature cardiovascular disease in a first-degree relative.
The primary outcome measure, FMD, was normally distributed with a mean of 4.0 ± 4.6 SD (range, 8.8 to 13.5%). All patients demonstrated normal NMD responses, suggesting that cases of FMD impairment were related to deficits in endothelial nitric oxide production rather than altered responses of arterial smooth muscle to nitric oxide. PAI-1 levels were negatively correlated with FMD (r = −0.33, P = 0.004). When PAI-1 was categorized according to quartile, mean FMD ranged from 5.3% for the lowest PAI-1 quartile to 2.7% for the highest PAI-1 quartile (FIG. 1) . Increased PAI-1 was related to depressed FMD by univariate regression; for each 1 ng/mL increase in PAI-1 there was a corresponding reduction of 0.08 units FMD (P = 0.004). A similar association was demonstrated by multivariable regression modeling. When adjusted for age at visit, disease duration, SLEDAI score, t-PA/PAI-1 ratio, family history of cardiovascular disease, and body mass index, each increase in 1 ng/ mL of PAI-1 was associated with a reduction of 0.07 units FMD (P = 0.039). PAI-1 was the only variable in the model that was significantly associated with FMD, and there was no evidence for interaction between variables. 
DISCUSSION
In this ongoing study, we found an inverse relationship between circulating PAI-1 levels and endothelial function, as measured by flow-mediated dilatation, in women under 55 years old with SLE. This relationship persisted after controlling for several potential confounders, including age, BMI, and lupus disease activity.
Relatively small reductions in brachial FMD, similar to those which we reported between the lowest and highest PAI-1 quartiles in this study, have been shown to be independently associated with worse cardiovascular prognosis. 21 Although formal cutoffs have not been established for normal versus abnormal FMD, and calibrations in various laboratories can be different, our research group considers less than 4% to represent impaired endothelial function. A full 47% of the SLE population in this study had an FMD value of less than 4%, indicating that a substantial proportion of these patients exhibit some degree of endothelial dysfunction. Within this group of patients exhibiting low FMD, further cardiovascular risk profiling may help identify pathogenic mechanisms and potential strategies to forestall development of clinically significant vascular damage.
A link between PAI-1 and endothelial dysfunction is biologically plausible. PAI-1 appears to play a crucial role in fibrin homeostasis, with diminished plasmin generation being the primary downstream mediator of PAI-1's effect. 22 PAI-1 has been hypothesized to play an important role in regulating thrombin activity in the blood vessel wall, an environment in which thrombin may stimulate VSMC proliferation. [23] [24] [25] [26] Furthermore, PAI-1 could potentially promote interactions between vascular cells and the extracellular matrix. 22 In addition, it has been proposed that upregulation of PAI-1 expression after arterial injury favors atherosclerosis development. 22 Conversely, in mice that completely lack PAI-1, the lysis of arterial thrombi is accelerated and thrombus formation after arterial injury is delayed. 24, 27, 28 A cause-and-effect relationship has not been established between vascular PAI-1 expression and the size and extent of atherosclerotic lesions. Elevated plasma PAI-1 levels are associated with complications of atherosclerosis. By affecting VSMC migration, PAI-1 could modulate the composition of plaques and their susceptibility to acute complications. Therefore, it is probable that PAI-1 promotes atherogenesis and/or its complications in humans, although there are insufficient data at this time to make definitive conclusions. 22 PAI-1 and its regulation may have particular relevance in lupus. The PAI-1 4G/ 4G genotype has been proposed to influence the development of lupus nephritis. The 4G/5G polymorphism of the PAI-1 gene was reported to be associated with the activity but not the chronicity of lupus nephritis. The presence of the 4G4G genotype did not increase the risk of developing SLE or lupus nephritis, but predicted the development of higher nephritis activity and more extensive necrotizing lesions. 29 Further, the presence of the 4G allele of the 4G/5G polymorphism of the PAI-1 gene has been proposed as an additional risk factor for the development of arterial thrombosis in antiphospholipid antibody syndrome. 29, 30 In addition, osteonecrosis in SLE has been reported to be significantly associated with elevated levels of PAI-1 activity and with elevated PAI-1/t-PA ratio. 31 Glomerular PAI-1/t-PA balance is involved in extracellular matrix turnover, as well as fibrin deposition in glomeruli. PAI-1 mRNA levels are significantly increased in MRL/lpr and NZB/NZW animals compared with controls. PAI-1 mRNA or protein is not found in normal mouse or human kidney, but is strongly upregulated in MRL/lpr mouse kidneys, as well as many other experimental and human renal diseases. This and other studies have suggested that changes in the expression of these genes may promote the formation of microthrombi and thus contribute to the progression of lupus nephritis. Increased TGF-1 expression has been reported in murine and human lupus nephritis and this molecule stimulates PAI-1 synthesis. PAI-1 has been implicated in extracellular matrix accumulation in kidney by its effects to inhibit matrix degradation. [32] [33] [34] [35] [36] [37] [38] [39] The association between PAI-1 and depressed FMD that we have found in this study further implies a role for PAI-1 in endothelial function among lupus patients. Coupled with previous findings from our group demonstrating an association between apoptotic endothelial cells and both endothelial dysfunction and plasma tissue factor, multiple candidate risk factors for cardiovascular disease in SLE are emerging. 40 Whether abnormalities or interactions of these biomarkers are unique to SLE, and the degree to which they contribute to vascular injury and CVD risk, remain to be elucidated. It will be important within a larger series of lupus patients and controls to analyze all of these factors in concert, in order to more fully characterize the role of these markers and potential interactive effects.
The current study has several limitations. First, due to the cross-sectional design, we were not able to assess the temporality of the association between PAI-1 and FMD. Further, while the utility of FMD has been shown in other populations, we will need long-term follow-up to determine the predictive value of FMD in these lupus patients in terms of future cardiovascular events. It will also be informative to study the association of fibrinolysis and endothelial function in non-lupus controls. Due to the relatively small size of the population in this study, we were limited in terms of statistical power to perform more detailed subset analyses at this time.
We performed all study measurements during the morning hours to account for circadian variation in PAI-1 levels; plasma concentrations have been observed to be lower during the day versus night. 41 However, despite the fact that we performed vascular measurements in a controlled environment to the extent possible, for logistical reasons we were unable to time study assessments according to the menstrual cycle. This would have been preferable, as variation of PAI-1 and t-PA has been reported within the menstrual cycle, with higher values outside of days 2-7 of the menstrual cycle. 42 Features underlying lupus pathology are hypothesized to play a key role in vascular injury. We have identified PAI-1 as a potential marker of increased risk, and future investigations should be performed to discern whether PAI-1 is directly involved in the etiology of CVD in lupus. We are continuing study enrollment, which will enable further subset analyses, and the characterization of additional biomarkers in a larger population. This may provide further elucidation of mechanisms of endothelial injury in systemic lupus, which would aid in the development of targeted interventions.
